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FOREWORD 
This  report  describes  research  related to advanced 
nuclear  rocket  propulsion.  The  work  was  performed  under 
NASA C0ntrac.t NAS3-10412 with Char1es.C. Masser,  Nuclear 
Systems  Division, NASA Lewis  Research  Center  as  Technical 
Manager.  The  program  was  helped  materially  and  schedule- 
wise  by  Los  Alamos  Scientific  Laboratory  which  donated  the 
LANG  grade test specimens,  all  machined to dimension  and 
carefully  documented. 
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A pressure  ce l l  wi th  a res i s tance-hea ted  graphi te  
tes t  specimen i n  a helium atmosphere w a s  u sed  to  expe r i -  
men ta l ly  de t e rmine  the  t r i p l e  po in t  of graphi te  and  the  
s o l i d u s - l i q u i d u s  i n t e r f a c e  t o  1000 atmospheres absolute.  
Four grades of graphite w e r e  t e s t e d  f o r  t r i p l e -  
point  pressure and temperature .  They were Union Carbide 
AGKS, AGSR, AGOT and Los Alamos Nuclear  Grade, LANG. The 
t r i p l e - p o i n t  p r e s s u r e  was determined to be 103 atmospheres 
abso lu te   fo r   t he   fou r   g rades .  The tempera ture   var ied   for  
each  grade  as   fol lows:  7529 4 19OR f o r  AGOT, 7606 60°R 
f o r  LANG, 7629 - + 33OR f o r  AGSR and 7738 4 45OR f o r  AGKS. 
The so l idus - l iqu idus  in t e r f ace  from t h e  t r i p l e  p o i n t  
t o  1000 atmospheres w a s  experimental ly  determined for  the 
LANG grade  of   graphi te .  The melting  temperature  increased 
wi th  increas ing  pressure  from 7645OR a t  103 atmospheres to 
7750°R a t  1000 atmospheres absolute based on a l i n e a r  
l e a s t - s q u a r e s  f i t .  
The c r i te r ia  for  de te rmina t ion  of  mel t ing  w e r e  t h e  
co inc idence  of  v i sua l  ind ica t ion  of  melt by a post-  
examination of the sectioned specimen under a microscope, 
and the occurrence of a rap id  vol tage  r ise  ac ross  the  
specimen which resulted from an increase i n  specimen electr i -  
cal  r e s i s t a n c e  upon i n i t i a t i o n  of melting. 
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INTRODUCTION 
I n  o r d e r  t o  e v a l u a t e  t h e  s p e c i f i c  i m p u l s e  limits of 
graphi te  so l id  core  and  l iqu id  or  gaseous  core  nuc lear  
rocke t  propuls ion  reac tors ,  it is  necessary t o  acqui re  
appropr ia te  in format ion  regard ing  the  t r ip le -poin t  pres -  
sure  and temperature  of  graphi te  and the sol idus- l iquidus 
i n t e r f a c e  t o  1000 atm.  This need i s  ind ica t ed  i n  s tud ies  
made by Ragsdale,  Kascak,  and Donovan ( R e f . l ) ;  by Ragsdale 
(Ref. 2 )  and  by  Ragsdale  and Rom ( R e f .  3 ) .  Since  the 
spec i f ic  impulse  of any rocket i s  d i r e c t l y  p r o p o r t i o n a l  
t o  t h e  s q u a r e  r o o t  of the exhaust  temperature ,  it is  
d e s i r a b l e  t o  o p e r a t e  t h e  r o c k e t  a t  t h e  maximum poss ib l e  
temperature. The operating  temperature i s  l imi t ed  by 
mater ia l   cons idera t ions .  I f  accurate  high-temperature 
da t a  i s  a v a i l a b l e  on t h e  m a t e r i a l s  p r e s e n t  i n  t h e  r e a c t o r ,  
the  reac tor  can  then  be o p e r a t e d  c l o s e r  t o  i t s  m a t e r i a l  
limits; i . e . ,  a t  a higher temperature.  
Qui te  apar t  from the  nuc lear  rocke t  propuls ion  appl i -  
ca t ion ,  g raph i t e  has  seve ra l  o the r  demanding a p p l i c a t i o n s  
a t  h igh  tempera tures :  such  as ,  ab la t ive  mater ia l s ,  s t ruc-  
t u r a l   m a t e r i a l s ,  power r eac to r   fue l   e l emen t s ,  e tc .  For 
these  app l i ca t ions  it i s  d e s i r a b l e  t o  h a v e  r e l i a b l e  i n f o r -  
mation on the  p re s su re - t empera tu re  r e l a t ionsh ip ,  t he  t r i p l e  
p o i n t  f o r  g r a p h i t e ,  and on any v a r i a t i o n s  t h a t  m i g h t  e x i s t  
be tween severa l  d i f fe ren t  grades  of  graphi te .  
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Inves t iga tors  seeking  exper imenta l  da ta  on the graph- 
i t e  melting temperature are faced with many d i f f i c u l t i e s .  
Severa l  approaches  have  been  t r ied  in  order  t o  maintain the 
desired pressure and to  accura 'cely measure the melt ing 
temperature  (Refs.  4,5,6,7, and 8 ) .  
While it i s  d e s i r a b l e  and necessary t o  p resen t  a 
brief review of the work of  prev ious  inves t iga tors ,  it i s  
obviously impossible  to  summarize i n  a f e w  l i n e s  the exper- 
t i se  o f  t he  inves t iga to r s .  The f i n e  work of t hese  scho la r s  
w i l l  be briefed and used for comparison purposes.  The a u t h o r ' s  
apologies  a re  ex tended  for  any  unin ten t iona l  inaccurac ies  in  
the  in t e rp re t a t ions  o f  the i r  r e s u l t s .  
B a s s e t ' s  work w i t h  the graphite phase diagram (Ref.  4) 
was very wel l  done,  but  several  inaccuracies  were inherent  
i n  h i s  equipment and procedures.  H e  had a r e l a t i v e l y  s m a l l  
power supply of 300 amps a t  1 2  t o  30 v o l t s  which l imi t ed  
h i m  t o  a specimen 15 mm long with a r educed  t e s t  s ec t ion  
2 mm diameter by 6 mm long.  With  such a small specimen he 
c o u l d  n o t  p r o v i d e  a n  i n t e r i o r  c a v i t y  t o  o b t a i n  t r u e  b l a c k -  
body temperature  measurements. An e r r o r  was thus  introduced 
by using a pyrometer which had been calibrated for a b lack  
body to  measure a graphi te   sur face   t empera ture .  H e  repor ted  
t h a t  c o n v e c t i o n  c u r r e n t s  i n  the high-pressure argon presented 
a cons iderable  problem to  h is  op t ica l  h igh- tempera ture  
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measurements. H e  r e f e r r e d  t o  " f l e e t i n g "  g l i m p s e s  of t h e  
g raph i t e  a t  high temperatures and pressures.  He used the 
spec imens ' f a i lu re  in  arc as the  p r imary  ind ica t ion  tha t  
the  melting  temperature  had  been  reached. Basset s t a t e d  
t h a t  t h e  i n s t a n t  o f  f a i l u r e  p r o b a b l y  i n v o l v e d  s i g n i f i c a n t  
overpressures  and t ransient  temperatures  and these caused 
noticeable variations in appearance in specimens even though 
run a t  t h e  same pressure .  He repor ted  a t r i p l e  p o i n t  of 
7200°R a t  102 a t m .  
Jones ( R e f .  5 ) ,  us ing improved  equipment  and  procedures, 
performed  basical ly   the same exper iments   as  Basset. H e  
e l e c t r i c a l l y  h e a t e d  a specimen with a t e s t  s e c t i o n  0.125 
i n .  x 0.200 i n .  x 0.625  in.long. The specimen was mounted 
i n  a high-pressure c e l l  f i l l e d  w i t h  a r g o n  a n d  h e a t e d  t o  
f a i l u r e .  The specimen  had a s h a l l o w  h o l e  i n t o  t h e  h o t t e s t  
region and w a s  surrounded by a g raph i t e  s l eeve  which was 
e l e c t r i c a l l y  i n s u l a t e d  from the  t es t  specimen. The s leeve 
and hole allowed black-body conditions to be more c l o s e l y  
approached, b u t  the  sha l low hole  prec luded  per fec t  b lack-  
body condi t ions .  He made no cor rec t ions  for  carbon vapor  
e f f e c t s  s t a t i n g  t h a t  h i s  e x p e r i m e n t s  i n d i c a t e d  s u c h  e f f e c t s  
were negl ig ib le .   S ince   he  employed a specimen  rupture 
technique,  however,  he  experienced  the same overpressure  and 
t rans ien t  tempera ture  problems tha t  Basse t  had  observed .  
Jones reported a t r i p l e  p o i n t  o f  7250°R a t  100 atm. 
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Noda performed a similar type of experiment ( R e f .  6 ) .  
H e  used a direct  c u r r e n t  power supply t o  m e l t  and f a i l  a 
4 mm diameter by 30 mm long  graphi te  rod  wi th  a smaller  
cen te r   s ec t ion .  This specimen  rupture  technique i s  
about  the  same as t h e  one used by Basset and Jones and it 
involved  the  same problems. Noda used a pressure  ce l l  
f i l l e d  w i t h  argon and a ca l ib ra t ed  op t i ca l  py romete r .  He 
repor ted  a t r i p l e - p o i n t  p r e s s u r e  of 100 t o  110 atm and 
the t r ip le -poin t  tempera ture  of 7235 2 90°R. 
Bundy ( R e f .  7)  employed a f lash-hea t ing   capac i tor  
discharge method us ing  smal l  rods  of  graphi te  0.04 i n .  
diameter x 0.28  in.   long. H e  surrounded the graphi te   rod  
w i t h  combinations of diamond  powder,  boron n i t r i d e ,  and 
pyrophyl l i te  s leeves,  and he obtained high-pressure environ-  
ments by compressing the sleeves between large pistons.  He 
used an  energy balance method to  es t imate  the  tempera ture .  
H i s  main e f f o r t ,  however, w a s  t o  e s t a b l i s h  t h e  s o l i d u s -  
l i q u i d u s  i n t e r f a c e  from B a s s e t ' s  t r i p l e - p o i n t  d a t a  t o  the 
diamond t r i p l e  p o i n t .  He repor ted  a maximum melting 
temperature of 8280°R a t  about 65,000 atm. 
Fateeva ( R e f .  8) heated a specimen  0.8 mm diameter 
w i t h  a l t e r n a t i n g  c u r r e n t  u n t i l  t h e  specimen  ruptured. A 
two-color pyrometer method was used for temperature measure- 
ments. The qua r t z  window w a s  extended close t o  the  specimen 
surface which greatly reduced problems with convection 
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currents .  Although the w o r k  appears t o  have been careful ly  
done,  the rupture  method was employed with i t s  a s soc ia t ed  
problems a s  mentioned  above.  Two-color  meaods,  moreover, 
assume equal  spec imen emiss iv i t ies  a t  t h e  two wave lengths  
involved, and it was assumed tha t  any  absorb ing  mater ia l  o f  
quartz, argon, and carbon vapor present between the specimen 
and  the  ins t rument  had  equal  coef f ic ien ts  of  absorp t ion  a t  
the two wave lengths  being employed. Nei ther  of t hese  assump- 
t i o n s  i s  cor rec t .   Fa teeva   repor ted  a t r i p l e  p o i n t  of 8370OR. 
The t r i p l e - p o i n t  p r e s s u r e  was not  repor ted .  
The methods used i n  t h e  p r e s e n t  work e l i m i n a t e  o r  
g rea t ly  r educe  the  sou rces  o f  e r ro r  p re sen t  i n  some of t he  
works mentioned above. 
A l a rge  power supply with a c a p a b i l i t y  o f  3000 amps 
a t  20 v o l t s  made it p o s s i b l e  t o  use  a specimen w i t h  a t es t  
s e c t i o n  0.45 in .   d iameter  by 1.0 in .   long.  This  specimen 
was l a rge  enough to  permi t  cons t ruc t ion  of  a n e a r l y  i d e a l  
b l ack -body  cav i ty  in  the  ho t t e s t  cen t r a l  volume a s  shown i n  
Fig.  2 .  A black-body  calibrated  monochromatic  pyrometer was 
then used for  a l l  temperature  measurements .  Helium gas was 
u s e d  t o  p r e s s u r i z e  t h e  t e s t  c e l l  shown i n  F i g .  1. A n  o p t i c a l  
tunnel  was used to prevent specimen image d i s t o r t i o n  a t  t h e  
h igher   p ressures  as  shown in  F ig .  3 .  The cen te r  of these  
large specimens was melted while the outer surface remained 
s o l i d  a s  shown in  F ig .  6 .  The cen t r a l  cav i ty  t empera tu re  
6 
w a s  c a l i b r a t e d  a g a i n s t  power a t  temperatures below the 
t h r e s h o l d  f o r  s i g n i f i c a n t  amounts of carbon  vapor.  This 
ca l ib ra t ion ,  t oge the r  w i th  the  accu ra t e ly  measured power 
a t  which melting began, was then used to  determine the 
melting  temperature.  U s e  of these procedures   l a rge ly  
el iminated the e f f e c t s  of carbon vapor on the measurements. 
KXPERIMENTAL ~~ - APPARATUS 
The pressure  c e l l  i s  shown i n  Fig.  1 w i t h  a l l  c o o l i n g  
water,  gas  and power connections.  The f l e x i b l e  power and 
water  tube shown i s  necessary   for  two reasons: it t r ans -  
m i t s  the power and cool ing water  to  the specimen clamp; 
and, a t  t h e  same t ime ,  p rov ides  the  necessa ry  f l ex ib i l i t y  
f o r  mounting the b r i t t l e  graphi te  spec imens  in  the  r ig id  
pressure ce l l .  The specimen  clamps  and the top  and  bottom 
power and  wa te r  f i t t i ngs  a re  in t e rna l ly  coo led  by the water.  
Instrumentat ions included a disappearing f i lament  
manual op t i ca l  py romete r  ca l ib ra t ed  by NBS; two balancing- 
br idge-type recorders  to  record vol tage across  and current  
through the pressure ce l l ;  a 3000 amp, 50 mv 0.25% accuracy 
shunt ;  ca l ibra ted  pressure  gauges ,  15  to  2015 p s i a  and  15 
to  15 ,015  ps i a ;  and o ther  ins t ruments  assoc ia ted  w i t h  the 
var ious   sys tem's   p roper   opera t ion .   In   addi t ion ,   a t   regular  
i n t e rva l s  du r ing  the tes t  program, an opt ica l  pyrometer  
comparison system w a s  u sed  to  check the s t a b i l i t y  and Cali- 
b ra t ion  o f  t he  py romete r  u sed  in  th i s  work. 
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EXPERIMENTAL PROCEDURE: TRIPLE-POINT PRESSURE 
The power inpu t  t o  the graphi te  specimen w a s  increased 
f r o m  a s t a r t i n g  power of about 3 k i l o w a t t s  t o  the  mel t ing  
power. The power w a s  i nc reased  in  a smooth, reproducible,  
.programmed manner by using a motor-driven power programmer. 
The t y p i c a l  tes t  t i m e  w a s  seven minutes.  Each t e s t  w a s  
a l lowed to  cont inue  unt i l  the  recorder  measur ing  the  vol tage  
ac ross  the  p re s su re  c e l l  showed a n  i n f l e c t i o n  p o i n t  a n d  
subsequent  very  rapid rise. This  was due t o  a specimen 
res i s tance  increase  and  the  cur ren t  source  na ture  of  the  
power supply  used.   Extensive  operat ing  experience  has  
shown t h a t  t h e  v o l t a g e  i n f l e c t i o n  p o i n t  (VIP)  r ep resen t s  
t he  in i t i a t ion  o f  me l t ing  and /o r  sub l ima t ion  a t  the  g raph i t e  
spec imen ' s   cen ter .   That   i s ,   i f   the   spec imen was removed 
be fo re  the  V I P  had occurred, no evidence of m e l t  o r  s u b l i -  
mation was found. I f  t he  V I P  was allowed t o  o c c u r ,  examina- 
t ion of  the specimen showed evidence of melting and/or 
sublimation  depending upon the   opera t ing   pressure .  
The t r i p l e - p o i n t  p r e s s u r e  was loca ted  by repea t ing  
the experiment a t  var ious  pressures  and  then  v isua l ly  exam- 
ining  the  sect ioned  specimen  under  a 120x  microscope. The 
necessary evidence for  mel t ing was t aken  to  be t h e  presence 
of a dendr i t ic -appear ing  melted region and/or of spheres of 
graphite which form from melted phase and which are due to the 
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ac t ion  o f  su r face  t ens ion  on a l i q u i d  as shown in  F ig .  6. 
These f i l l e d   s p h e r e s  formed  from the   l i qu id   phase  are 
e n t i r e l y  d i f f e r e n t  from the hollow spheres which can be 
formed  from a vapor  phase. The two'separate  types of  spheres  
must n o t  be confused. Basset (Ref. 4) presen t s  a more complete 
d iscuss ion  of the  var ious  graphi te  forms  present  a f te r  sub- 
l imat ion has occurred and af ter  melt ing has  occurred.  Noda 
( R e f .  6) p re sen t s  a d i scuss ion  o f  the 1 t o  3 mm diameter 
f i l l ed  spheres  he  observed .  A specimen t h a t  d i d  n o t  s h o w  
evidence of melting i s  shown in  F igu re  7 .  
The specimen geometry used for these tests i s  shown 
i n  Fig.  2 e x c e p t  t h a t  the hole plug and vent hole shown w e r e  
no t  added  un t i l  tests above the t r ip le -poin t  pressure .  This  
geometry was necessary  to  insure  tha t  mel t ing  occurred  
under a known pressure .  I f  the holes  had not  been present  
o r  i f  they had become plugged during a t e s t ,  any melting 
observed inside the specimen occurred under the measured gas 
pressure  p lus  an  unknown vapor  pressure plus  an unknown pres- 
sure  from restrained  thermal   expansion.  All tests repor ted  
h e r e i n  w e r e  t e rmina ted  wi th  the  rad ia l  and  ax ia l  ho les  s t i l l  
open to  p rov ide  p re s su re  re l ie f .  
EXPERIMENTAL PROCEDURE: TRIPLE-POINT TEMPERATURE 
These tests used the  same specimen geometry a s  the 
t r ip l e -po in t  p re s su re  tests described  above. The r ad ia l -  
hole,  axial-hole combination formed a vent system which 
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served t o  sweep away much of the otherwise t roublesome 
graphi te  vapor .  The power inpu t  was inc reasedby  us ing  the  
same power programmer used f o r  t h e  t r i p l e - p o i n t  p r e s s u r e  
tests.  The disappearing-f i lament   opt ical   pyrometer  was 
pos i t i oned  to  look  in to  the  g raph i t e  spec imen ' s  0.090 i n .  
d i ame te r .  r ad ia l  ho le  shown in  F ig .  2.  The pyrometer was 
success ive ly  set  t o  twelve  d i f fe ren t  tempera tures  from 
4090 t o  7380 R.  When t h e  r a d i a l  h o l e  image behind the 
pyrometer fi lament became b r i g h t  enough to  cause  the  pyro-  
meter f i lament   o   "d isappear ,   the   pyrometer   opera tor  
pressed a switch which marked the voltage and amperage 
r e c o r d e r  c h a r t s .  I n  t h i s  manner a power-temperature  Cali- 
b r a t i o n  was obtained for each specimen. 
During some tests,  small amounts  of a dark-appearing 
vapor would be observed i n  t h e  r a d i a l  h o l e  d u r i n g  t h e  l a s t  
temperature  measurements.  This  vapor  would  absorb some of 
the emerging black-body radiations thus lowering the read- 
ings  and  even tua l ly  pa r t i a l ly  p lugg ing  the  r ad ia l  ho le .  
The r ead ings  thus  a f f ec t ed  a re  no t  i nc luded  in  the da ta .  
Af te r  th i s  dark  vapor  appeared ,  the  power increase  
w a s  allowed t o  c o n t i n u e  u n t i l  t h e  v o l t a g e  i n f l e c t i o n  p o i n t  
(VIP)  w a s  observed. The power supply  would  then  be  turned 
off   before   specimen  fa i lure   occurred.  The power i n p u t   a t  
t h e  i n s t a n t  o f  t h e  V I P  was taken a s  t h e  m e l t i n g  i n i t i a t i o n  
power. The power-temperature  data was t h e n  f i t t e d  u s i n g  
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a least-squares  technique  on a d i g i t a l  computer. The equa- 
t i o n  P = alT4 + a2T + a3 w a s  used. The alT4 term accounts 
f o r  r a d i a t i v e  power t r ans fe r ,  and  the  a 2 T  term accounts  for  
conductive  and  convective  losses.  The 'a3 t e r m  accounts   for  
t h e  f a c t  t h a t  power i s  no t  ze ro  a t  zero temperature ,  but  i s  
z e r o  a t  room temperature.  Hence the equation form can be 
t h e o r e t i c a l l y   j u s t i f i e d .  Above about 60000R, t h e   d a t a  
shows a smaller  and smaller  temperature  increase for  a given 
power increase  as shown i n  F i g .  4. This  i s  because   rad ia t ive  
h e a t  t r a n s f e r  b e g i n s  t o  assume a s i g n i f i c a n t  r o l e  above 
tha t  temperature, and power r ad ia t ed  i s  d i r ec t ly  p ropor -  
t i o n a l  t o  T4. Proper choice of the a l  and  a2  terms  by the 
curve- f i t t ing  leas t - squares  code  a l lows  t h i s  e f fec t  t o  be 
properly taken into account .  
Two c u r v e  f i t s  w e r e  made for  each  set  of  data .  One 
f i t  used a l l  d a t a  o b t a i n e d .  The o t h e r  f i t  d id  not  consider  
t hose  po in t s  which appeared t o  be low due to  carbon vapor .  
Figures  4 and 5 show a t y p i c a l  s e t  of data and the two 
leas t - squares  f i t s .  The Fig.  5 procedure was used   fo r  all 
da ta .  The number of  points  omit ted var ied from 0 t o  3. 
The f i n a l  s t e p  was t o  p l a c e  the measured value for  the 
m e l t i n g  i n i t i a t i o n  power i n  t h e  f i t t e d  equation and solve 
f o r  the temperature.  This was done  by  solving Pmelt = a l ~ 4  +
a2T + a 3  f o r  i t s  appropr ia te  root  us ing  a d i g i t a l  computer 
polynomial root-solving code. 
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EXPERIMENTAL PROCEDURE: SOLIDUS-LIQUIDUS INTERFACE 
The p res su re  tests f r o m  200 t o  1000 a t m  w e r e  con- 
ducted with a specimen geometry exactly as shown in  F ig .  2. 
The hole  plug and vent  hole  w e r e  added t o  c o n t r o l  t h e  amount 
of  chimney-effect f l o w .  A t  h igher  pressures  the f low tended 
to  cool  the  spec imen center  un less  a smaller vent  ho le  w a s  
used. The t e s t  procedure and data procedure and data pro- 
ces s ing  fo r  each  tes t  was t h e  same as f o r  t h e  t r i p l e - p o i n t  
temperature tes ts .  
Above 200 a t m ,  s ignif icant  problems were encountered 
with  gas   convect ion  currents .  The rad ia l   t empera ture   obser -  
v a t i o n  h o l e  a p p e a r e d  t o  " f l o a t "  i n  t h e  p y r o m e t e r  f i e l d  o f  
view  due to  the convect ive f low of  the hot  hel ium. To cor- 
rect  th i s  p rob lem,  the  op t i ca l  t unne l  shown i n  F i g .  3 was 
i n s t a l l e d .  It  allowed  measurements t o  be made up t o  1000 
atm with only minor convection problems about equal to the 
100 atm tests wi thout   the   tunnel .  
SELECTION O F  GRAPHITE GRADES 
Three grades of graphite commercially available from 
Union Carbide Company and one grade of  special  graphi te  
supplied by Los Alamos Labora tory  were  se lec ted  for  the  
program as ou t l ined  below: 
AGOT - This is  the normal  nuclear  grade graphi te  used 
for   g raphi te -modera ted   reac tors .  A l l  neutron  absorbing 
elements, including boron,have been removed t o  very low 
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levels  during the manufactur ing process .  
AGSR - This i s  an  inexpensive  grade of g raph i t e .  It 
was chosen because of i t s  poss ib le  use  as a s t r u c t u r a l  
material i n  a nuclear  rocket  engine.  
AGKS - This i s  a spec t roscopic   g rade   g raphi te ,  The 
main c r i t e r i o n  i n  i t s  manufacture i s  maintaining high 
pur i ty  by  carefu l  choice  of  r a w  materials and manufacturing 
procedures.  It is  a r e l a t i v e l y  p u r e  m a t e r i a l  available a t  
reasonable cost .  
LANG - This  i s  a nuclear  rocket  grade graphi te  donated 
by Los Alamos Sc ien t i f i c  Labora to ry .  It contained 70 ppm 
U-235 and  other  minor  impurit ies.  I t  i s  manufactured  from 
60 mesh h igh -pur i ty  g raph i t e  f lou r  base  mixed w i t h  Thermax 
sub-micron carbon-black particles and a small  amount of 
40 t o  50 mesh pine-wood f l o u r .  A pa r t i a l ly  po lymer i zed  
f u r f u r y l  a l c o h o l  c a l l e d  Varcum 8251 was used  a s  the  b inde r .  
A f t e r  blending of the above materials and extrusion on a 
horizontal  press ,  four  thermal  cycles  were performed on the 
e x t r u s i o n s  f o r  a combined heat-up t i m e  of 127  hours.  The 
f i n a l  o p e r a t i o n  was g r a p h i t i z a t i o n  a t  4720°R fo r  fou r  hour s .  
TRIPLE-POINT - - . "  - PRESSURE RESULTS 
The r e s u l t s  o b t a i n e d  from the t r ip l e -po in t  p re s su re  
tests a r e  g i v e n  i n  Table 1. The p r e s s u r e  a t  t h e  m e l t i n g  
p o r t i o n  o f  the g r a p h i t e  i s  accura t e ly  known f o r  t h e  tests 
l i s t e d .  Many tests are not  included  because  swelling 
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occurred and/or a l l  v e n t  h o l e s  t o  t h e  m e l t i n g  p o r t i o n  w e r e  
plugged.   This   indicates  a buildup of i n t e r n a l  p r e s s u r e  
and  hence  the  to ta l  p ressure  is  unknown for  such  tests. 
A l l  tes ts  l i s t e d  had  vent  ho les  to  the  melt which remained 
open throughout the t es t .  
The c r i t e r i a  fo r  de t e rmina t ion  o f  me l t ing  was the  
coincidence of two conditions:  
1. The presence   o f   f i l l ed   spheres ,   s ince   sur face  
t e n s i o n  i n  a l iquid causes  such a fo rma t ion ,  o r  o the r  v i sua l  
d e n d r i t i c  s t r u c t u r e s  s u c h  a s  shown i n  F i g .  6.  
2 .  The sudden   and   r ap id   r i s e   i n   e l ec t r i ca l  resis- 
t i v i t y  o f  t h e  t e s t  spec imen resu l t ing  in  a r ap id  rise i n  
vo l tage  across  the  t e s t  specimen. 
These tes ts  i n d i c a t e  t h a t  1515 p s i a  i s  the  threshold  
pressure  for  graphi te  mel t ing  to  occur  and  i s  the re fo re  
the  ind ica t ed  t r ip l e -po in t  p re s su re .  N o  evidence  of  melt  
was observed in any location where the pressure was below 
1515 p s i a  o r  103 atm. 
TRIPLE-POINT TEMPERATURE T RESULTS ~ 
The r e su l t s  ob ta ined  fo r  t he  t r i p l e -po in t  t empera -  
t u re  a re  g iven  i n  Table 2 .  
Since the temperature a t  which the  vo l t age  in f l ec t ion  
po in t  ( V I P )  occur red  d id  not  appear  to  be  a s t rong funct ion of  
p r e s s u r e  f o r  p r e s s u r e s  n e a r  t h e  t r i p l e  p o i n t ,  tes ts  run a t  
s l i g h t l y  above and below the tr iple-point pressure 
14 
a r e  r e p o r t e d  i n  t h e s e  r e s u l t s .  Below the  t r i p l e -po in t  p re s -  
su re ,  no  f i l l ed  sphe res  w e r e  observed,  but  the subl imat ion 
temperature measured in such tes ts  a t  a f e w  pounds pe r  
square inch below the t r ip l e -po in t  p re s su re  would be only 
an undetectable amount d i f f e r e n t  from t h e  t r i p l e - p o i n t  
temperature.  
From Table  2, the t r ip l e -po in t  t empera tu re  r e su l t s  
a r e  AGOT grade,  7529 2 19OR; LANG grade,  7606 2 60°R; AGSR 
grade,  7629 +. 33OR; AGKS grade,  7738 45OR. These  values 
a r e  t h e  mean va lue  for  the expe r imen t s  l i s t ed  p lus  o r  minus 
one s tandard deviat ion of  the mean. 
SOLIDUS-LIQUID-US INTERFACE RESULTS 
The r e s u l t s  o b t a i n e d  f o r  the melting temperature of 
LANG g rade  g raph i t e  fo r  p re s su res  o f  200 through 1000 atm 
a re  g iven  in  Tab le  3. 
F ive  or  more specimens were run a t  each pressure.  
Only those experiments which contained no o b s e r v a b l e  d i f f i -  
c u l t y ,  however, a re  repor ted  in  Table  3 ;  i . e . ,  i f  a t e s t  was 
unsatisfactory because of specimen misalignment,  improper 
func t ioning  of  the  opt ica l  tunnel ,  o r  other  recognizable  
p h y s i c a l  d i f f i c u l t i e s ,  the d a t a  was not used. 
The data and one s tandard  devia t ion  a re  shown i n  
Fig.  8. A l i nea r   l ea s t - squa res  f i t  t o   t he   so l idus - l iqu idus  
i n t e r f a c e  d a t a  from 200 t o  1000 atm f o r  LANG grade  graphi te  
y i e l d s  T = 0.1166 P + 7633,where P i s  absolu te  a t m  p ressure  
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and T i s  OR. Th i s   equa t ion   y i e lds  7750 a t  1000 a t m  pres- 
sure  and 7656 a t  200 a t m .  Fig.  6 shows a t y p i c a l  specimen 
a f te r  melt ing above the  t r i p l e -po in t  p re s su re .  
DISCUSSION  OF -PROC_EDURES AND ~~ POSSIBLE_ER-RORX - 
The optPcal pyrometer used for these measurements 
was c a l i b r a t e d  a t  NBS i n  June,  1967.  Additional  checks  of 
t h i s  c a l i b r a t i o n  w e r e  performed on the actual experimental  
se tup  by measuring the melt ing point  of  gold,  molybdenum and 
tungsten.  The r e s u l t s  o f  t h e s e  tes ts  ve r i f i ed   t he   accu racy  
of the pyrometer as it was used on t h i s  p a r t i c u l a r  a p p a r a t u s  
and i n d i c a t e d . t h a t  t h e  t e m p e r a t u r e s  r e p o r t e d  a r e  v e r y  c l o s e  
to  abso lu t e  va lues .  It  i s  e s t ima ted  tha t  t he  absc i s sa  o f  
Fig.  8 could be labe led  minus zero p l u s  50°. 
Geometry e f f e c t s  due to  the  op t i ca l  pa th  th rough  the  
pressure  c e l l  w e r e  i nves t iga t ed .  A 4660°R brightness-temp- 
e ra tu re  tungs t en  f i l amen t ,  a mockup of the  c e l l  geometry i n -  
c l u d i n g  t h e  s a f e t y  s h i e l d ,  o p t i c a l  t u n n e l s ,  e t c . ,  p r e s e n t  on 
the actual  equipment  was al ternately placed between the pyro-  
meter and the fi lament  and  then removed. The same temperature 
reading was obtained i n  bo th  cases ,  demonst ra t ing  tha t  no 
errors-were introduced because of ce l l  geometry. 
Er rors  due  to  changes  in  the  ca l ibra ted  pyrometer  
were eliminated by periodically comparing the c a l i b r a t e d  
pyrometer  to  an older  pyrometer  of long-proven  s tab i l i ty .  
A pyrometer comparison instrument w a s  a v a i l a b l e  f o r  t h i s  
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purpose. The older pyrometer w a s  s to red  excep t  t o  pe r iod i -  
ca l ly   recheck   the   ca l ibra ted   pyrometer .  N o  s i g n i f i c a n t  
v a r i a t i o n s  w e r e  noted. 
A s  a fur ther  check  on the  pyrometer  ca l ibra t ions ,  a 
d i f fe ren t  pyrometer  w a s  u sed  fo r  one otherwise standard tes t .  
For tes t  number 124, a Mkcro-Pyrometer w a s  used. The r e s u l t s  
o f  t h i s  t e s t  can be found in  Table  2.  The r e s u l t s  w e r e  
e s s e n t i a l l y  t h e  same a s  r e s u l t s  o b t a i n e d  w i t h  t h e  c a l i b r a t e d  
manual pyrometer. 
Absorp t ion  in  the helium was inves t iga ted  by  pass ing  
a l i g h t  beam from a 4660°R brightness-temperature tungsten 
f i lament  in to  one  window of  the  pressure  ce l l  and  r e f l ec t ing  it 
o u t  the o t h e r  window w i t h  a mir ror .  With the  tungs ten  
temperature  held constant ,  pyrometer  readings w e r e  made on 
the emerging beam while  the ce l l  pressure  w a s  var ied  from 
vacuum t o  140 atm. No d i f f e r e n c e s  w e r e  no ted  in  the  pyro-  
meter  readings.  This  procedure i s  the   equ iva len t   o f   t e s t ing  
t o  280 atm s ince  t w i c e  the  normal  opt ica l  pa th  i s  involved 
i n s i d e  t h e  ce l l .  
Absorp t ion  in  the qua r t z  window w a s  measured experi- 
mental ly .   Al ternate   temperature   readings were made of a 
4660° br ightness- temperature  tungsten f i lament  while  looking 
through the quartz and then removing the quartz from t h e  
o p t i c a l  p a t h .  Above tha t   t empera ture ,  the sun  and  combina- 
t i o n s  of grey f i l t e rs  w e r e  used.  Grey f i l t e r s  w e r e  placed 
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between the pyrometer  and the sun unt i l  a brightness temper- 
a tu re  r ead ing  in  the  des i r ed  r ange  w a s  obtained.  The qua r t z  
t o  be c a l i b r a t e d  w a s  then  a l te rna te ly  p laced  be tween the  grey  
f i l ters  and  the  pyrometer  and  then  removed. The equat ion 
l/To - 1/Ta = K ( T )  ( R e f .  9) w a s  used  to  leas t - squares  f i t  
t he  ex tens ive  data taken and obtain the best poss ib le  cor -  
r e c t i o n .  Ta = temperature  measurement  with no qua r t z  i n  
path;  To = temperature   observed  through  the  quartz;   and 
K ( T )  i s  a s l igh t  func t ion  of  tempera ture ,  exper imenta l ly  
determined. A l l  temperature   data   reported  herein  contain 
the  appropr ia te  cor rec t ion .  
Because the melting temperatures reported herein a r e  
higher   than  those  reported by previous  invest igators   (Refs .  
4,  5,  and 6 ) ,  two types  of  tes ts  were carried o u t  t o  i n c r e a s e  
t h e  c r e d i b i l i t y  of t h e s e  r e s u l t s .  F i r s t l y ,  t h r e e  tes ts  were 
made a t  110 atm i n  which the  AGKS specimens w e r e  h e a t e d  i n  
the  normal manner t o  a b o u t  6500°R center  temperature .  The 
power was then  increased  rap id ly  by hand while the pyrometer 
made continuous  readings.  When extensive  carbon  vapor  began 
to  appea r ,  t he  power was instant ly   reduced.   Actual  maximum 
pyrometer  readings ,  inc luding  cor rec t ions  for  ca l ibra t ion  
and quartz window, of  7560,  7706,  and 7606OR were obtained 
i n   t h i s  way and no evidence of m e l t  was l a t e r  obse rved  on 
any  of  the  three  specimens.   This method allowed  high  temper- 
a t u r e s  t o  be reached and measured before significant quanti-  
t i e s  of vapor cmld form and obs t ruc t  t he  r ead ings .  
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These tests,  based on actual  readings involving no data  exten-  
s ion ,  demonst ra ted  tha t  the  mel t ing  tempera ture  of  graphi te  
i s  above  readings so obtained.  Secondly, a test  was run 
which involved measuring the power-temperature relation, 
t ak ing  the specimen almost to i t s  mel t ing  poin t ,  cool ing  
the  specimen;  and  repeating  the  data. The d a t a  so obtained 
w e r e  very  near ly  the  same. This   demonstrated  that  no 
effects  occur a t  h i g h e r  t e m p e r a t u r e s  which cause a s i g n i -  
f i c a n t  d e v i a t i o n  from the establ ished and extended power- 
tempera ture  re la t ion .  
VARIATION I N  TEMPERATURE DATA 
Several  possible  causes  of the v a r i a t i o n  i n  t h e  
tempera ture  da ta  for  the s o l i d u s - l i q u i d u s  i n t e r f a c e  t o  
1000 atm are l i s t e d  below with appropriate comments. 
1. E r r o r s  i n  the temperature measurements due to 
ins t rument  mal func t ion ,  opera tor  e r ror ,  e tc . ,  are   considered 
t o  be very small because the technique involved taking 
severa l  da ta  poin ts  of  tempera ture  vs .  power and performing 
a leas t - squares  f i t  t o  tha t  da ta .  The e f fec t  of a n  e r r o r  i n  
a single temperature measurement would therefore be minimized. 
F ig .4  r ep resen t s  a t y p i c a l  se t  of  data  and the corresponding 
least-squares  fit. A t  no point  does  the  measured  temperature 
d i f f e r  from the predicted temperature  by more than about 100°R 
which would have little effect  on  the  f ina l  p red ic t ed  me l t ing  
temperature.  
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2. Errors  caused  by  carbon  vapor  were  held to a
small  magnitude  because  the  least-squares  fit  is  firmly 
based on data at temperatures  which  are  below  the  threshold 
of a  significant  vapor  problem  as  shown  in Fig. 5. 
3 .  The central,  hottest  region  could vary  in  com- 
position  from  specimen  to  specimen  because of inhomogeni- 
ties  in  the  graphite.  Although  this  could  account  for  some 
of the  spread  in data, no  check was made on  this  item. 
4. The  impurities  present  could  vary  from  specimen 
to  specimen  and  could  also  vary  from  location  to  loca-Lion 
, 
in  one  specimen. No check was made on this  item. 
5. Variation  in  manufacturing  procedure,  baking 
temperature,  and  material is  probably  one  of  the  major 
effects. 
At this  time  it  appears  that  the  variation  in  the 
data is due  to  a  combination of all  items 2 through 5 listed 
above.  Further  research  would  be  required  to  determine  the 
effect  of  individual  items. 
SUMMARY OF RESULTS 
If any  systemic  errors  such  as  excessive  carbon 
vapor,  changes  in  the  power-temperature  relation  at  high 
temperatures, gas absorption,  misalignment,  etc.,  are  involved 
in  these results,  they  would  tend  to  cause  the  reported 
temperatures  to  be  low. 
A linear  least-squares  fit  to  the  liquidus-solidus 
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i n t e r f ace  da t a ,  Tab le  3 ,  200 t o  1000 atm , f o r  LANG grade 
g r a p h i t e  r e s u l t s  i n  T = 0.1166 P + 7633,where P i s  absolu te  
a t m  pressure and T i s  OR. Th i s  y i e lds  the  fo l lowing  r e su l t s  
f o r  LANG grade graphi te :  A t  1000 a t m .  the melting tempera- 
t u r e  i s  775O0R; a t  500 atm, 7691oR; a t  103 a t m ,  an  exten- 
s ion  of  the  leas t - squares  equat ion  predic t s  7645OR which is  
in  exce l len t  agreement  wi th  the  7606OR  mean t r i p l e - p o i n t  
temperature measured for LANG grade  g raph i t e  a s  shown i n  
Table 2 .  This  agreement  provides a v e r i f i c a t i o n  of the  
t r ip le -poin t   t empera ture  of LANG grade  graphi te .   Actual  
measured values a t  t h e  h i g h e r  p r e s s u r e s , t o g e t h e r  w i t h  the 
appropr ia te  mean va lues  and  s tandard  devia t ions ,a re  in  
Table  3. 
Tr ip le -poin t  tempera ture  resu l t s  for  the  o ther  grades  
of g raph i t e  a re :  AGKS, 7738 2 45OR; AGSR, 7629 2 3 3 0 R ;  
AGOT, 7529 19OR. A l l  t r ip le -poin t   t empera ture   da ta  
expressed above are the mean value from the  seve ra l  expe r i -  
ments  reported plus  or  minus one s tandard  devia t ion  of  the  
mean. The s tandard  devia t ion  of t he  mean i s  the  s tandard 
devia t ion  d iv ided  by the square root  of  the number of  data  
p o i n t s  u s e d  t o  compute t h e  mean. 
T r ip l e -po in t  p re s su re  fo r  t he  fou r  g rades  o f  g raph i t e  
i s  103 a t m  absolu te  pressure .  
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COMPARISON O F  RESULTS WITH PREVIOUS  INVESTIGATORS 
_ _ _ ~  
The t r ip le -poin t  tempera ture  w a s  determined t o  be 
400 t o  500°R h ighe r  than  tha t  r epor t ed  by  Bassett ( R e f .  4), 
Jones ( R e f .  5), and Noda ( R e f .  6 ) .  This d i f f e rence   appea r s  
t o  be j u s t i f i e d  b y  a comparison of the techniques and appa- 
r a tus   u sed   by   t he   i nves t iga to r s .  Bundy (Ref. 7 )  d i d   n o t  
r e p o r t  a tr iple-point  measurement.   Fateeva  (Ref.  8) r epor t ed  
a t r ip le -poin t  tempera ture  of  8370°R or  about  7500 h ighe r  
t han   r epor t ed   he re in .  The r e a s o n s  f o r  t h i s  d i f f e r e n c e  are 
not   apparent  a t  t h i s  time. I t  may be noted,  however,   that  
Bundy (Ref. 7 )  r epor t ed  a maximum temperature of 8280°R a t  
about 65,000 a t m  which i s  90° less than  the  8370°R t r i p l e -  
point  temperature  reported by Fateeva.  
The t r i p l e - p o i n t  p r e s s u r e  w a s  determined t o  be 103 
atm abso lu te .  Basset ( R e f .  4) repor ted  102,  Jones ( R e f .  5) 
repor ted  100, and Noda (Ref.  6)  reported 100 t o  110 a t m .  
The s o l i d u s - l i q u i d u s  i n t e r f a c e , f i t t e d  s t r a i g h t  l i n e ,  
shown on Figure 8 ind ica t e s  an  inc rease  in  me l t ing  t emper -  
a tu re  o f  105OR from  103 t o  1000 a t m ,  o r  1 2 O  p e r  100 a t m .  
Basset (Ref .  4)  reported an increase of  360°R from t h e  
t r i p l e - p o i n t  t o  4839 atm, o r  8 O R  pe r  100 a t m .  Jones  (Ref.  5) 
r e p o r t e d  6 0 O ~  i n c r e a s e  for  an average pressure range up to  
about 1400 atm, o r  4OR p e r  100 a t m .  Noda (Ref.   6)  did  not 
measure  the  so l idus- l iqu idus  in te r face  tempera ture  wi th  
inc reas ing   p re s su re .  Bundy ( R e f .  7 )  anchored   t he   t r i p l e -  
2 2  
po in t  pe r  Basset's da ta , then  cont ruc ted  a phase diagram with 
the  mel t ing  tempera ture  r i s ing  wi th  pressure  up t o  82800R 
a t  about 65,000 atm, and then decreasing to 7200 - 7560°R a t  
125,000 a t m .  The average  increase i s  only 2OR per  100 atm. 
However, t h e  slope is  no t  l i nea r  and  he  ind ica t e s  a s lope  
of 3OR p e r  100 atrn a t  t h e  t r i p l e  p o i n t .  F a t e e v a  (Ref. 8) 
repor ted  180°R increase from t r i p l e  . p o i n t  t o  3000 atm,  or  
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Triple-Point  Pressure Tests 
Pres- 
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. - . . -. - . 
Comments 
N o  spheres 
N o  spheres  
F i l led  spheres  observed  
N o  spheres 
N o  spheres 
F i l led  spheres  observed  
Fi l led  spheres  observed  
Fi l led  spheres  observed  
Melted region near center 
N o  m e l t  
Mel ted   reg ion ,   f i l l ed  
spheres observed 
N o  spheres  
F i l led  spheres  observed  
A few sma l l  f i l l ed  sphe re  
observed 
N o  spheres  
F i l led  spheres  observed  
tes i s -  
2ivi ty  
'hange 
N o  
Y e s  
Yes 
Y e s  
Y e s  
Yes 
Yes 
Y e s  
Yes 
Y e s  
Y e s  
Y e s  
Y e s  
Y e s  
Y e s  




N o  
N o  
Y e s  
N o  
N o  
Y e s  
Yes 
Y e s  
Y e s  
N o  
Y e s  
N o  
Y e s  
Yes 
N o  




. . . . . 


































Mean V a l u e s  7738 
O n e  u = 134 
u of mean = 45 
LANG 
Test Pressure OR 
N o .  ps ia  
120 1535 77 10 
121  1515 7711 
122  1555 7389 
123  1495 7447 
124  1535 7675 
126  1535 7701 
Mean V a l u e  s 7606 
O n e  Q = 147 
Q of mean = 60 
AGSR 
T e s t  Pressure 
No. psia 
133  1555  7690 
134  1555  7663 
13 5  1555 7666
136  1535  76 9 




. . ~ AGOT ~ 
Test Pressure 
N o .  ps ia  
138 1535 7585 
13 9 1515 7497 
14.0 1515 7  545 
141  1495 7539 






Solidus-Liquidus Interface Tests for  
LANG Graphite 




155  7727 
156   7730  
157   7652  
OR 
Mean 
V a l u e s  7703 
One U = 44 
u of m e a n  =25 
I f 300  a t m  T e s t  OR No. 147  7667 148 7 7 6 4  1 5 9  7 446 160 7 566 7 6 1 1  
136  
68  
I f 400 a t m  T e s t  No. 149 7910  1 5 1  7 546 1 5 2  7 6 9 5  1 5 3  7 8 1 9  OR 7743  
1 5 8  
7 9  
500 a t m  
Test OR 
No. 
1 6 4   7 8 18 
1 6 6  7 4 6 1  
1 6 8   7 5 7 2  
17  0 7 7 5 1  
17 2 7658  
7 6 5 2  
142  
6 4  
600  a t m  
Test  OR 
No. 
17 3 7705  
17 5 7 643 
17  6 7 6 4 4  
18 2 7 928 
Mean 
V a l u e s  7730  
7 0 0  a t m  
Test  OR 
No. 
18 3 7610 




800 a t m  
Test  OR 
No. 
1 9 1   7 3 6  
192  7 593 
1 9 3   7 6 6 6  
1 9 4   7 6 0 5  
7650  
6 6  
33 
1000 a t m  
Test OR 
N o .  
199  77   17  
200   78  10 
2 0 1   7 9 3 5  





/ Hole Plug 
Vent  Hole 
13-60 Mil.  Dia. 
0.450 0.001 Dia. 
I Inch Long 
Groove 0.021 
Deep 8 0.125 Wide 
L 0 . 0 9 0  Hole  for 
Optical Tunnel - 0.712 * 0.003 Dia. 
74 Overall  Length 
Al l  Dimensions 












/ O  
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/ O  
/O 
/O 
/ O  
/O 
/ O  
/ O  
/O 
/ O  
/ O  
/ O  
/ O  
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Line of Sight 
in Optical  Tunnel 
Slip Joint 
Graphite 
Shield 81 Tunnel 
Support 









Test No. 1 1 4  
AGKS Graphite 
1515 PSlA 
5 6 7 8 9 1 0  12 14 16 18 20 
Power (KW) 








4 5 6 7 8 9 IO I2 14 16 18 x> 
Power (KW)  
32 
- - .. " No. 152 - Table 3 ,  400 a@. 7695"R, LANG, melt (18x) 
with r%slstarce change i .  e. ,  VIP 
1. Melt  region shows c l ea r ly .  
2.  Three or   four   spheres  show. 
3. Vapor condensation and parit ial  plugging show in  r ad ia l  ho le .  
4. High l igh t s  i n  ba l ance  o f  s ec t ion  a re  f l a t  su r f aces  of grains .  
Figure 6 
33 
No. 98 - Table 1. 1495 Dsia. LANG. no melt (18x1 
with resis tance change i . e . ,  VIP 
1. Dark area surrounding hole i s  probably  sublimation 
vapor deposit occuring a t  time of VIP. 
2 .  Axial  hole i s  full o f  "flakes" formed  from gas. 








































7000 7500 8000 8500 
Temperature ( O R )  
Pressure-Temperature Phase  Diagram  for Los 
Alamos Nuclear  Grade Graphite  (LANG) 
Figure 8 
I 
NASA-Langley, 1968 - 22 
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